ABSTRACT
Newly made proteins must achieve a functional shape, the native configuration, before they can play their physiological roles in the cell. Proteins must also travel to the locale (e.g., the mitochondrion) in the cell where their functions are required. In these processes of folding into the native configuration and translocation to the place of work, proteins may be assisted by molecules called molecular chaperones. Stressors can unfold (denature) proteins, and genetic defects can cause misfolding and, in addition, both abnormalities can lead to polypeptide aggregation. Chaperones play a role in assisting refolding of partially denatured or misfolded proteins, thus preventing aggregation. Clearly, molecular chaperones are key cell components under normal, physiological circumstances, as well as in potentially harmful situations resulting from environmental or inherited factors. Hence, molecular chaperones constitute attractive targets for a variety of efforts aiming at improving the cell's performance, particularly under stress, to prevent disease, or at least to slow down its progression and to contain the deleterious effects of stress. In our efforts in this direction, we have undertaken to investigate the chaperoning systems of cells belonging to the phylogenetic domain Archaea. The findings reported here pertain to the distribution of the molecular chaperone machine, the chaperonins, and the prefoldins, among archaea. The genes hsp70(dnaK), hsp40 (dnaJ) , and grpE encoding the components of the molecular chaperone machine were present only in some archeaeal species: this contrasts with bacteria and eucarya, which do have the genes with no known exception. The group I, or bacterial, chaperonin-genes groEL and groES occured in the genomes of Methanosarcina species but were not found in any of the other archaea whose genomes have been sequenced. While all the archaea studied had between one and three chaperonins of group II (thermosome subunits), Methanosarcina acetivorans was exceptional since it had five of these chaperonins. This is the largest number of group II chaperonins ever found in a prokaryote. Furthermore, two of the M. acetivorans chaperonins were different from, albeit related to, the other known archaeal and eucaryal chaperonins of group II. Prefoldins were found in all archaea examined. Overall, the results provide clues to the evolution of the chaperoning systems, which must have played a critical role in survival since life started. Also, the data suggest new avenues of research for elucidating the evolution of assisted protein folding and for uncovering roles and interactions not yet described for these molecules.
INTRODUCTION
Protein production includes synthesis and folding of the new polypeptides, which yields the final products with a functional shape. The latter is termed the native configuration and is achieved through a series of steps of varying complexity depending on the organism and the type of protein being produced (1) . The folding and translocation of many proteins are assisted by molecular chaperones (1, (2) (3) (4) (5) . Several chaperones have been described; among the best studied are the GroEL/S complex, archaeal thermosome, eukaryotic CCT, prefoldins, and the components of the molecular chaperone machine (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
The molecular chaperone machine in prokaryotes is composed of three key molecules: Hsp70(DnaK), Hsp40(DnaJ), and GrpE. This machine occurs in all bacteria, eukaryotic-cell organelles of bacterial ancestry, and some archaea (20) (21) (22) (23) (24) (25) (26) (27) . In the cytosol of eukaryotic cells, the functions of GrpE are carried out by other proteins (17, (28) (29) (30) (31) (32) (33) (34) . An important question still under investigation concerns the actual distribution of the machine among organisms of the phylogenetic domain Archaea. The present work addresses this question.
Other points dealt with in this work are the distribution among the Archaea of the chaperonins of group I, GroEL and GroES, the chaperonins of group II or thermosome subunits, and the prefoldins.
All of these molecular chaperones play important roles in the normal physiology of the cell; most importantly, they are part of the cellular anti-stress mechanisms (9, 35, 36) . A variety of stressors cause cell stress, whose central consequence is protein denaturation, namely protein unfolding. The molecular chaperoning systems intervene to prevent denaturation, to restore the native configuration of proteins reversibly unfolded by stress, and to degrade those proteins that have been irreversibly damaged (29, (36) (37) (38) .
Most likely, the chaperoning systems have played a crucial role in evolution, and still play it today as they maintain cellular integrity and health. It is, therefore, of great interest to learn about all aspects of these systems: they offer opportunities for developing means to improve cellular performance under stress, and survival. One approach is to investigate how organisms in a variety of environments deal with stress, and to elucidate the components of their chaperoning systems. This approach should reveal what structures and mechanisms the various extant cell types, which live in various ecosystems differing widely in temperature, pH, salt concentration, barometric pressures, population density, etc., have evolved to counteract the effects of stress and survive. In turn, this information should help in the development of new antistress mechanisms, and in the improvement of existing ones, through manipulation of pertinent molecular chaperone genes and their products.
Research in various laboratories over the last few years has shown that molecular chaperones participate in a number of physiological processes above and beyond those strictly pertinent to the folding of nascent polypeptides and to the refolding of partially denatured proteins. In parallel, and as a consequence of the uncovering of the multiple roles of chaperones, it is becoming evident that defective chaperone molecules may cause disease, or at least contribute to pathogenesis (reviewed in 39). Thus, the more we understand about the evolution and function of the chaperoning systems, the easier it will be to understand their role in health and disease, and to addres the problems caused by their failure.
The main goals of the work reported here were to elucidate the distribution of the chaperoning systems and their components among organisms of the phylogenetic domain Archaea, correlate the findings with the organisms' optimal temperatures for growth, and compare the findings with data on the equivalent systems from representatives of the other two domains, Bacteria and Eucarya.
ORGANISMS STUDIED
The lists of organisms studied belonging to the phylogenetic domains Archaea and Bacteria are displayed in tables 1, 2, and 3, containing Euryarchaeota, Crenarchaeota, and bacteria, respectively. Pertinent physiological information, i.e., optimal temperature for growth (OTG) is shown for the archaeal and bacterial species examined. Also, the pH optimum for growth is indicated for the archaeal organisms, since it is important, along with the OTG, for demonstrating the organisms' degree of "extremophilicity" (or lack of it). The tables also include the genome size, for those organisms whose genomes have been sequenced, and the methods that were applied to determine the occurrence of the molecular chaperone genes in the genomes.
WEB SITES
Most of the Websites visited for this work are listed below: 
PROGRAMS
The programs used were those in the Wisconsin GCG package, for example, Gap, Seqed, Stringsearch, 6 . In all cases, when hsp70(dnaK) was present in a genome, the hsp40(dnaJ) and grpE genes were also present (data not shown).
The newly studied archaeal Hsp70(DnaK) proteins lack a segment of 23-24 amino acids by comparison with the homologs from Gram negative bacteria, confirming the observation made when the first archaeal Hsp70(DnaK) sequence was described several years ago (20, 47) . This 23-24 amino-acid "deletion" appears between positions 83-84, or 106-108, depending on the organism, in the Hsp70(DnaK)s from archaea and Table 2 seven species are mentioned, but only six were part of the set studied in search of the hsp70(dnaK) gene; Sulfolobus acidocaldarius is part of the prefoldin study only. Gram-positive bacteria when they are aligned together with those from Gram negative bacteria.
Phylogenetic analyses revealed that archaeal Hsp70(DnaK)s form three clusters that are related to the Hsp70(DnaK)s from the Gram-positive bacteria with low G+C contents, the Gram-positive bacteria with high G+C contents, and with the Thermotogales-AquificalesDeinococci-Green NS bacteria-Cyanobacteria-chloroplast group, respectively (45, and data not shown).
THE GROUP I CHAPERONINS GroEL AND GroES
The occurrence of the gene encoding GroEL in Methanosarcina species has been demonstrated (48). The acetivorans, but GAP alignments show these proteins to be chaperonin (thermosome) subunits, with over 50% identity to Hsp60-1 (a thermosome subunit) from M. acetivorans. These subunits are just 30%, or less, identical to M. acetivorans GroEL.
The GAP results in table 8, obtained with M. acetivorans GroEL as standard, must be compared with those obtained with Hsp60-1 (shown within parentheses). When the query for Blast searches of genomes was M. acetivorans GroEL, the best Blast hits in M. barkeri and M. mazeii Goe1 genomes gave also high I (identity percent) and S (similarity percent) values in GAP alignments with M. acetivorans GroEL, indicating that the Methanosarcina proteins are GroEL. This was confirmed by phylogenetic analyses (48) . In contrast, the best hits in the other archaea gave low I and S values in GAP alignments with M. acetivorans GroEL, showing that they are not GroEL proteins, but rather chaperonin (thermosome) subunits, homologs of the M. acetivorans Hsp60-1 and Hsp60-2. This is demonstrated by the GAP results shown within parentheses in table 8: the best hits in M. barkeri and M. mazeii Goe1 when M. acetivorans GroEL was used as query gave lower I and S values with Hsp60-1 than with GroEL in the alignments, because the hit proteins are GroEL, not chaperonin subunits. In contrast, the best hits in the other archaea, when M. acetivorans GroEL was used as query, gave higher I and S values with M. The results pertaining to the groES gene mirror those for groEL. The M. acetivorans GroES is at least 31% identical to the bacterial homologs tested (table 9) . Also, the Annotations confirmed that these bacterial proteins, detected by Blast with M. acetivorans GroES as a query, are GroES proteins.
None of the proteins detected in archaeal genomes by Blast with M. acetivorans GroES as a query are GroES, except for the proteins detected in the Methanosarcina genomes -which, as seen above, also contain the GroEL gene (table 10). All other genes detected by Blast encode proteins different from GroES, as shown by the Annotations. Furthermore, these proteins have considerably higher numbers of amino acids than does GroES. The lack of any resemblance of these proteins with GroES obviated the need to do GAP alignments of them with with M. acetivorans or M. mazeii Goe1 GroES proteins.
Hsp60 CHAPERONINS
The fact that M. acetivorans has five Hsp60 proteins belonging to the chaperonin family has been demonstrated (Maeder et al., 2003, in preparation) . Here, a comprehensive search for subunits Hsp60-4 and Hsp60-5 that were previously found in M. acetivorans has been carried out in other archaea (table 11). The proteins detected by Blast using M. acetivorans Hsp60-4 as a query are not Hsp60-4, because, in all archaeal species studied, the I and S values obtained by GAP alignments were considerably higher with Hsp60-1 than with Hsp60-4, both from M. acetivorans. Furthermore, phylogenetic analyses demonstrated that Hsp60-4 and Hsp60-5 are different from, albeit related to, the other three chaperonin group II subunits (data not shown). From this it may be concluded that M. acetivorans is unique in having two extra Hsp60 subunits, Hsp60-4 and Hsp60-5, which are not present in any other known archaea.
The chaperonin (thermosome) subunits known to occur in archaea are listed in table 12. They were detected using stringsearch (GCG), or by searching (Blast methods and text searches of Annotations) the respective genome Websites. The proteins that were the best Blast hits when Annotation: Gene 1925, encodes the GroEL protein; groEL, encodes a 60 kDa chaperonin (GroEL); MTH794, encodes a chaperonin; MJ0999, encodes a thermosome (ths); Gene 1089, encodes a thermosome subunit (Chaperonin subunit); Gene 856 encodes an Hsp60; groL, encodes a HSP60 family chaperonin; Ta1276, encodes a thermosome beta chain; Gene 11, encodes a thermosome, beta subunit; TVG0494466, encodes an archaeal chaperonin [group II]; AF1451, encodes a thermosome, subunit beta; PF1974, encodes a thermosome, single subunit; PH0017, encodes a 549aa long hypothetical thermophilic factor; PAB2341, encodes a thermosome subunit (chaperonin subunit); thsB, encodes a Thermosome beta subunit; ST0321, encodes a thermosome, beta subunit; APE2072, encodes a 555aa long hypothetical thermosome, subunit; PAE2117, encodes a thermosome (chaperonin) alpha subunit; cctB, encodes a thermosome subunit beta. c I, Percent identity and S, percent similarity (identities plus conservative substitutions), obtained by GAP (GCG) alignment with M. acetivorans GroEL, or Hsp60-1 (a chaperonin subunit of 552 amino acids) for figures within parentheses. d Total number of amino acids. The protein of Methanosarcina barkeri, annotated as "thermosome subunit 1" (Contig1921; Gene 3128; Table 12 ) consists of only 156 amino acids, which is very short, both by comparison with the other three annotated thermosome subunits of M. barkeri, and by comparison with the thermosome subunits of all other archaeal organisms, which consist of at least 500 amino acids, usually more (table 12) . A Pileup with the four annotated M. barkeri subunits demonstrated that the short "thermosome subunit 1" is similar to the C-terminal regions of the two longest subunits of this organism (data not shown). Data in table 13 show that the 156-amino acid-long protein annotated as "thermosome subunit 1" shares the highest I and S values with the C-terminal region of the protein annotated as "thermosome subunit beta" (Contig 1923; Gene 3177), consisting of 543 amino acids. The data also show that the 156 amino-acid long protein ("thermosome subunit 1") is not alignable with the Cterminal region of the shorter protein annotated as "thermosome, subunit ß" (400 amino-acids long) since this shorter beta subunit lacks this C-terminal region. The data also demonstrate that the C-terminal region of the longer "thermosome, subunit beta" (543 aa; Contig 1923; Gene 3177), shares the highest I and S values with that of the thermosome subunit with 547 amino acids (Contig 1922; Gene 3148) because both have the C-terminal segment, whereas the shorter thermosome subunit beta (Contig 1921; Gene 3126) has only 400 amino acids and lacks the Cterminal segment common to the other three subunits.
PREFOLDINS
There is little comprehensive information on the occurrence of prefoldins in archaea. table 14 is a compendium of data from our searches. The prefoldins were found by stringsearch (GCG) in the SwissProt database, or by searching the various genome Websites using Blast methods and text searches of the Annotations. The data show that all organisms whose genomes have been fully sequenced have two prefoldin subunits. The apparent exception listed in table 14, S. acidocaldarius, is not necessarily a true exception, because its genome has not been sequenced, and the information available stems from cloning and sequencing of the single gene.
Initially, it was found that Ferroplasma acidarmanus had no prefoldin, according to its genome Website Annotations. Interestingly, no significant Blast hits were obtained in the F. acidarmanus genome sequence when the M. acetivorans prefoldins were used as queries. b Annotation: RMMZ00858, encodes a thermosome, alpha subunit; 2351479_fasta.screen. Contig1923, encodes a thermosome, subunit beta (thsB); MTH794, encodes a chaperonin; MJ0999, encodes a thermosome (ths); Contig1 Gene 1089, encodes a thermosome subunit (Chaperonin subunit); Scaffold_1 495139 Gene 142, encodes a Hsp60; groL, encodes a HSP60 family chaperonin; Ta0980, encodes a thermosome, alpha chain; 2351485_fasta.screen. Contig145, encodes a thermosome, alpha subunit; TVG1181974, encodes an archaeal chaperonin [group II]; AF1451, encodes a thermosome, subunit beta (thsB); PF1974, encodes a thermosome, single subunit; PH0017, encodes a hypothetical thermophilic factor; PAB2341, encodes a thermosome subunit (chaperonin subunit); thsB, encodes a thermosome beta subunit; ST0321, encodes a thermosome, beta subunit; APE0907, encodes a hypothetical thermosome subunit; PAE3273, encodes a thermosome (chaperonin) beta subunit; cctA, encodes a thermosome subunit alpha. Since F. acidarmanus belongs to the same order as Thermoplasma acidophilum and Thermoplasma volcanium, and to the same family (the Ferroplasmaceae) as the latter, we decided to use the prefoldin alpha and beta subunits of T. acidophilum and T. volcanium as queries in the Blast searches, and significant hits were obtained. Data in table 15 show that the genes detected in this way in the F. acidarmanus genome, which had been annotated as "hypothetical" in its Website (table 14) , most likely encode prefoldin subunits.
A comparison of the archaeal prefoldin subunits listed in table 14 with one another and with the known eucaryal prefoldin subunits (table 16) showed: a) in the Archaea, the beta subunit was, on average, shorter than the alpha subunit (table 17); b) in eukaryotes, the lengths of the subunits 1 to 6, varied in a progression from the shortest to the longest as follows: subunit 1, 6, 4, 2, 5, and 3; c) in terms of average length, the archaeal alpha was closer to the eucaryal subunit 2, and the archaeal beta was closer to the eucaryal subunit 6; and d) eukaryotic organisms had a maximum of six subunits (table 16), in contrast to the archaeal organisms, which had two (table 14) .
DISCUSSION
The occurrence of the hsp70(dnaK) gene in an organism of the phylogenetic domain Archaea was demonstrated, by cloning and sequencing, for the first time in 1991 (47). This finding was soon extended to other archaeal species (20) . However, early observations suggested that hsp70(dnaK), which is present in all bacteria and eukaryotes with no known exception, is absent in some archaea (42, 50) . Later, by using more reliable methods, it was confirmed that the distribution of the gene among the archaea is indeed discontinuous (45) . While there was no doubt that the gene and its teammates in the molecular chaperone machine, hsp40(dnaJ) and grpE, are absent in some archaeal organisms, their actual distribution among the sequenced genomes had not been assessed. The studies reported here demonstrate that the gene occurs in a high percentage of mesophiles and thermophiles, but is absent in hyperthermophiles (OTG equal to, or higher than, 70 degrees Centigrade), and in the Crenarchaeota (all of those examined are hyperthermophiles). In contrast, the gene was found in all bacteria examined, regardless of their OTGs. a Proteins that were the best hits when blasted with Hsp60-4 from M. acetivorans (see Table 11 ). b Methanobacterium thermoautotrophicum or Methanothermobacter thermoautotrophicus delta-H. Table 12 . Comparisons were done first using Pileup: it was established that the 156-amino acid long "thermosome subunit 1" aligned with the last 156 C-terminal amino acids of the other M. barkeri subunits, except the shorter (400 amino acids) "thermosome subunit beta." GAP alignments were then run between "thermosome subunit 1" and the last 156 C-terminal amino acids of the other subunits, and between the last C-terminal amino acids of each of the other subunits: and the results are displayed in this Table. b I, Percent identity and S, percent similarity (identities plus conservative substitutions), obtained by GAP. Table 15 . M. acetivorans subunits failed to produce hits in Blast. Tables 14 and 16 .
As for the molecular chaperone machine discussed above, the distribution of the other chaperoning systems had not been determined among the archaeal genomes now sequenced. Previous surveys had shown that conserved homologs of the bacterial co-chaperones NAC and trigger factor, and the eucaryal co-chaperones BAG, Hop, and Hip, are not present in archaea, with the probable exception of the NAC alpha subunit (36).
The chaperonins GroEL and GroES had been classified as group I. or bacterial, chaperonins, based on the belief that they existed only in bacteria and eukaryotic-cell organelles derived from bacteria (18,27,51,52). This dogma was refuted when it was discovered that Methanosarcina species do have the genes encoding GroEL and GroES (48, 53, 54) . In this work we report the results of extensive searches for these two genes among the sequenced archaeal genomes. The conclusion is that they occur only in Methanosarcina species.
Another related chaperoning system is constituted of the chaperonin of group II, considered to be typical of the Archaea and the eukaryotic-cell cytosol (7, 8, 10, 15, 19, 49, 51, 52, (55) (56) (57) . Although this chaperonin system had been investigated in various archaeal species, its distribution among organisms had not been mapped. Here we report that all sequenced archaeal genomes have at least one subunit and some have two or three, thus extending previous observations when less genome sequences were available (49, 57) . We also report that Methanosarcina acetivorans has five subunits, the highest number ever found in an archaeon, approaching the value of 8-9 that is typical of eukaryotes (10, 19, 55, 56) . Interestingly, another species of Methanosarcina, M. barkeri, has three subunits plus what appears to be a piece of a fourth.
The M. acetivorans chaperonin subunits were named Hsp60-1 through 5 (53), and recently it was established that Hsp60-4 and Hsp60-5 are very closely related and seem to be unique, despite the fact that they are clearly related to the other three subunits (Maeder et al., 2003, in preparation) . Blast searches, with M. acetivorans Hsp60-4 as query, produced hits in all archaeal genomes. However, the results revealed that M. acetivorans is the only archaeal species that has Hsp60-4 (and, consequently, Hsp60-5; see below). In the rest of the archaeal species studied, the hit proteins showed higher identity when M. acetivorans Hsp60-1 instead of Hsp60-4 was used as a query: this was confirmed by GAP alignments of the Blasthit proteins with the M. acetivorans Hsp60-1 and Hsp60-4 (table 11). The Annotations confirmed that the detected proteins are not Hsp60-4, and phylogenetic analyses showed that Hsp60-4 and Hsp60-5 are unique, and exist only in M. acetivorans.
The results obtained with Hsp60-4 (535 amino acids) by extension demonstrated that Hsp60-5 is absent in all archaea except M. acetivorans. Why? Because Hsp60-4, which was used as a query for all Blast searches, and as standard for GAP alignments, is 97% identical to Hsp60-5 (517 amino acids). Hence all results obtained with Hsp60-4 apply to Hsp60-5, its almost identical twin (the results obtained with Hsp60-4 can be predicted to be the same as those that would be obtained using Hsp60-5 instead as query and as standard for GAP alignments).
Prefoldins were discovered in eukaryotic organisms (14, 16) and later identified in archaea (58), but they have never been reported to occur in bacteria. Our data confirm this absence in the bacterial domain (results not shown) and demonstrate that prefoldins exist in all archaea whose genomes have been sequenced. Two subunits were present in every archaeal especies investigated for which a complete genome sequences is available. The exception, Sulfolobus acidocaldarius, with only one prefoldin subunit reported, cannot be definitively considered a true exception because its genome has not yet been sequenced.
While the eucaryal prefoldin subunits number five in most organisms investigated and vary in length both within and between organisms, the two archaeal prefoldin subunits are about the same length in all species.
CONCLUSIONS AND PERSPECTIVES
A comprehensive survey of archaeal genomes conducted in order to map the distribution and composition of four chaperoning systems, revealed a number of remarkable features. 1) The gene hsp70(dnaK), encoding the main component of the molecular chaperone machine, Hsp70(DnaK), is absent in a considerable proportion of genomes; 2) Whenever hsp70(dnaK) occurs in a genome, the genes hsp40(dnaJ) and grpE, which encode the other components of the machine, are also present; conversely, absence of one of these three genes means that the others are also absent (59,60); 3) In Methanosarcina mazeii S-6, the three genes are organized 5'-grpE-hsp70(dnaK)-hsp40(dnaJ)-'3 (61), as in many bacteria, but in contrast to the bacterial genes, the M. mazeii's are transcribed individually, not as a single operon (62); 4) All hyperthermophilic archaea with an OTG of 70 degrees Centigrade or higher lack the three chaperone machine genes; 5) All archaea belonging to the Crenarchaeota also lack these three genes; 6) In contrast, all bacteria, regardless of OTG, have the three genes; 7) All archaeal Hsp70(DnaK) molecules lack a segment of 23-24 amino acids in their N-terminal quadrant by comparison with the homologs from Gram negative bacteria; 8) The genes groEL and groES, encoding the chaperonins of group I, also called the bacterial chaperonins because it was thought that they did not exist in archaea, were found in the genomes of Methanosarcina species, and in these species only; 9) Genes encoding the chaperonins of group II, considered typical of the eukaryotic-and archaeal-cell cytosols, were found in all species examined, without exception; 10) The total number of chaperonin genes (subunits) varies between 1 and 3; 11) Methanosarcina acetivorans is exceptional in that it has five genes encoding chaperonin subunits, two of which are unique to this species and are different from previously described subunits; 12) All archaeal genomes examined had two genes encoding prefoldin subunits, without exception; 13) The data in this report and in the literature suggest that the hsp70(dnaK) gene, and by extension hsp40(dnaJ) and grpE, which are always found to co-exist in archaeal genomes with hsp70(dnaK), were received by lateral transfer from bacteria; 14) In contrast, lateral gene transfer does not seem to have been the origin of the archaeal groEL and groEL; if lateral transfer of these two genes did occur, it must have been very early in evolution, or at least not recently enough to be demonstrable with currently available methods for evolutionary analyses. In this regard, M. acetivorans occupies a unique evolutionary niche that warrants further investigation. It remains to be clarified whether the M. acetivorans groEL and groES genes were inherited directly from this species' ancestors or are the result of horizontal gene transfer occurring very early; 15) Another feature that makes M. acetivorans of special interest, from the evolutionary and molecular biological standpoints, is the fact that its complement of chaperonin subunits approaches that of eukaryotes. Is the M. acetivorans thermosome more similar to the eukaryotic CCT (its functional and structural equivalent) than to the thermosomes of other archaea that have fewer chaperonin subunits? This is a tantalizing question that merits experimental investigation.
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